We have observed recently that high-density lipoproteins (HDL) are the predominant carriers of cholesteryl ester hydroperoxides (CEOOH), the major class of lipid hydroperoxides detectable at nanomolar concentrations in the plasma of healthy fasting humans. The present study investigates the effect of such very low levels of CEOOH in apolipoprotein E-free HDL3 on lipoprotein particle metabolism and 'selective uptake' of its CE by human Hep G2 cells. 
INTRODUCTION
High-density lipoproteins (HDL) are anti-atherogenic, an activity thought to be due to their central role in reverse cholesterol (Ch) transport, the process by which excess Ch is removed from nonhepatic cells and transported to the liver for elimination into bile. HDL accept Ch from various cells, and some of this Ch is esterified to cholesteryl esters (CE) by the lecithin: cholesterol acyltransferase associated with HDL. The fate of the resulting CE is not entirely clear; several pathways may contribute to their eventual removal from blood.
Removal of the whole HDL particle (holoparticle uptake) is a small contributor to overall CE clearance in man, as indicated by a much shorter circulating half-life of HDL CE than of HDL apoproteins [1] . HDL may acquire apolipoprotein E (apoE), which targets the particle for increased hepatic uptake, although this pathway too appears to be of minor importance in vivo [2] . In contrast, cholesteryl ester transfer protein-mediated transfer of HDL CE to very-low-density lipoprotein and low-density lipoprotein (LDL) in exchange for triacylglycerol is believed to be important (reviewed in [3] ). In this situation, CE are removed by hepatic clearance of these more buoyant lipoproteins. HDL CE may also be taken up directly without uptake of the lipoprotein particle, a process referred to as 'selective uptake' [4] . Selective uptake by parenchymal cells is directly coupled to secretion of Ch into bile [5] . While competing with the transfer pathway, selective uptake may be of major importance in the uptake of oxidized CE was observed when HDL3 was clearance of HDL CE in humans, as indicated by plasma decay studies of labelled HDL injected intravenously into rabbits [6] .
Selective uptake of HDL CE has been studied in various animal tissues in vivo [4] [5] [6] [7] , in isolated organs [8] and in various cells of different origin in vitro [9] [10] [11] . Included in the latter are the human-derived Hep G2 hepatoma cells [11] , a cell line with morphological and functional characteristics comparable with those ofliver parenchymal cells [12] . Like other human hepatoma cell lines [13] , Hep G2 cells also contain binding sites for HDL [14] . However, the extent to which specific receptors are required for selective uptake of HDL CE remains unknown. In fact, there is evidence that selective uptake does not require a specific apoprotein component [15] , and that interaction of cellular surface lipids with those of HDL3 is important [16] . Selective uptake of HDL CE by Hep G2 cells is down-regulated by Ch loading of the cells, conditions under which holoparticle uptake is increased [17] . CE taken up selectively do not appear to enter the classical endosomal/lysosomal pathway [11, 18] .
In contrast to HDL, elevated plasma concentrations of LDL are associated with accelerated atherogenesis. There is increasing evidence that oxidatively modified LDL can lead to lipid accumulation in cells in vitro and in the subendothelial space in vivo [19] . In light of the potential importance of oxidative LDL modification we have studied the endogenous antioxidant defences surrounding and associated with LDL [20] [21] [22] * To whom correspondence should be addressed. measure the very low levels (1-10 nM) of lipid hydroperoxides reported to be present in human plasma [23] . We were intrigued to find that approx. 85 % of detectable hydroperoxides of CE (CEOOH) were present in HDL, with the LDL being virtually peroxide-free [24] . Indeed, on a per lipid basis, we found that HDL CE in plasma were over 20-fold 'more oxidized' than LDL CE. Also, HDL lipids initially became more readily oxidized than those in LDL when plasma was exposed to a mild flux of radicals [24] .
These findings appeared to be at odds with the putative role of oxidized LDL in atherogenesis and the anti-risk properties attributed to HDL. However, the levels of HDL CEOOH present in healthy human plasma are several orders of magnitude lower than those required to cause adverse effects [25] [27] . The reaction was terminated by removal of excess AAPH from HDL3 by either size exclusion chromatography [using a PD-10 column (Pharmacia LKB, Bromma, Sweden) and PBS as the eluant] or extensive dialysis at 4°C against PBS. The degree of oxidation of CE in HDL3 was assessed by measuring the formation ofCEOOH using the extremely sensitive and specific h.p.l.c. post-column chemiluminescence detection (h.p.l.c.-CL) method [31] , with the modifications described in [21, 29] .
Reversed-phase h.p.l.c.-CL Analysis of endogenous neutral lipids and CEOOH associated with HDL3 was performed by h.p.l.c.-u.v./CL using a 25 cm x 0.46 cm C-18 column (Supelco, Bellefonte, PA, U.S.A.) eluted with methanol/t-butanol (1:1, v/v) at 1 ml/min [21, 29] . To identify 3H-labelled tracers, an additional 20 ,tl aliquot of the redissolved hexane extract of HDL3 was subjected to a separate h.p.l.c. run using identical chromatographic conditions as described above for unlabelled lipids, but with the effluent from the u.v. detector, set at 210 nm, collected directly in 0.5 or 1.0 ml fractions and the radioactivity in the samples determined. The 3H-labelled tracers were identified by comparing their retention times with those of known, unlabelled standards. The concentrations of purified unoxidized and oxidized lipids were calculated by comparison of peak areas with standards of known concentration [29] .
Cell culture studies Human hepatoma Hep G2 cells [17] Following incubation, the tissue culture plates were placed on ice, the medium was removed and the cells were washed twice with cold PBS/BSA followed by another two washes with cold PBS. To release cell-membrane-bound HDL3, cells were incubated at 37°C for 10 min in the presence of trypsin (0.05 %; Cytosystems), containing 0.02% EDTA. The trypsinreleasable fraction is referred to as 'bound' HDL3. Following trypsinization, cells were again washed (twice in PBS/BSA followed by twice in PBS) and then lysed by treatment with 1.5 ml of 0.1 M NaOH at room temperature for at least 30 min to determine both the non-trypsin-releasable or 'internalized' fraction and the cell protein present in the lysate [17] .
Degradation of 1251-HDL3 by Hep G2 cells was estimated by measuring the trichloroacetic acid-soluble activity in the medium after precipitation of free iodide with AgNO3 [33] .
To H.p.l.c. conditions are described in the Materials and methods section. To determine the elution profile of the radiolabelled Ch18:2, the effluent was collected immediately in 0.5 or 1 ml fractions post-u.v.-detector, and the recovered activity was determined by scintillation counting. The results in (a) are expressed as percentages of the total radioactivity eluted during the 30 min h.p.l.c. run. The Chl8:2-OOH standard (b) was prepared as described in the Materials and methods section. Peak 1 is Chl8:2-00H. (Figure 3a ). As suggested [11] , results were expressed in terms of 'apparent vere preincubated at 37 OC for 20 h in DMEM/BSA. They then received 1 ml of particle uptake', i.e. the amount of HDL protein taken up as ISA containing the indicated amounts of 1251-HDL3 or 1251-HDL30X in the presence calculated from the amount of lipid tracer associated with ceils, excess unlabelled HDL3 (2 mg/ml), and were incubated at 37 0C for 4 Cells were incubated with the indicated amounts of different ligands as described in Figure 1 . Values shown represent means + S.D. of three independent experiments performed in duplicate using different preparations of labelled HDL3. Cellular association of the tracers is expressed as apparent particle association, as described [11] Figure 3(b) . Analysis of the data shown in Total cell-associated radioactivity was determined following a 4 h incubation at 37°C as described in the Materials and methods section. Selective uptake was calculated by subtracting particle uptake from apparent particle uptake. Uptake of CE from unoxidized and radical-oxidized labelled HDL3 by Hep G2 cells In addition to the above-mentioned transfer of preformed lipid hydroperoxides, the presence of CEOOH in HDL in vivo may be the result of direct oxidation of the lipoprotein particle by as yet undefined mechanisms. To examine whether Chl8:2-OOHs formed in HDL3 in situ were also selectively taken up by Hep G2 cells, possibly to an extent greater than that of unoxidized Chl8:2, we exposed [3H]Chl8:2-labelled HDL3 to various controlled fluxes of aqueous peroxyl radicals. The effect of radical oxidation of HDL3 on its endogenous Ch18:2 and incorporated [3H]Chl8:2 is shown in Table 1 . As can be seen, our 'control' HDL3 contained significant amounts of Chl8:2-OOH, most probably formed, at least in part, during exchange and re-isolation procedures. As expected, oxidation of HDL3 with increasing concentrations of AAPH resulted in increasing Chl8:2-OOH/Chl8:2 ratios in both unlabelled and labelled HDL3. Figure 5 shows the effect of such an increasing degree of HDL3 oxidation on lipoprotein particle and selective uptake of Chl8 :2 to Hep G2 cells that had been pre-cultured in the absence or presence of chloroquine (50,M). The results (mean values of duplicate determinations) are presented as apparent particle uptake as described in the legend to Figure 3 . To analyse intracellular free Ch, cells were extracted and the organic extracts separated on precoated plastic t.I.c. plates as described in the Materials and methods section. After development with iodine vapour, the bands corresponding to free Ch (RF = 0.076), Chl8:2-OOH (RF = 0.314) and Chl8:2 (RF = 0.912) were cut out and the radioactivity present was determined. Calculation of the absolute concentrations of free Ch is based on the specific radioactivity of the tracer of 71 Ci/mmol. Figure 5 ). The degree of selective uptake of [3H]Chl8:2 initially increased rapidly with an increasing degree of HDL3 oxidation, and then a plateau was observed when about 50% of the tracer was present in the oxidized form. Thus, while selective uptake is greater for HDL3 labelled with [3H]Chl8:2-OOH by exchange from donor liposomes (Figure 3b) , it is evident from our data that in situ-generated HDL3 [3H]Chl8:2-OOH is also selectively taken up by Hep G2 cells, and to an extent exceeding the uptake of unoxidized [3H]Chl8:2.
To assess whether HDL3 Chl8:2-OOHs delivered to Hep G2 cells were hydrolysed lysosomally or not, [3H]Chl8:2-labelled HDL3, oxidized to various degrees, was incubated with the cells in the absence or presence of 50,uM chloroquine. The results show ( Table 2 ) that the increase in apparent particle uptake observed with increasingly oxidized HDL3 was consistently lower (10-25 %) in the presence of chloroquine than in its absence. A partial inhibition by chloroquine of selective uptake of HDL CE has also been reported previously [11, 38] . In contrast, following a 4 h incubation, intracellular amounts of free (hydrolysed) [3H]Ch were nearly identical whether chloroquine was present or not. The relative contribution of free to total (free plus esterified)
[3H]Ch increased by up to 44 % with increasing degree of oxidation of the lipoprotein. These findings suggest that, the more oxidized HDL3 is, the more readily its CEOOH become selectively taken up and hydrolysed by Hep G2 cells. Hydrolysis of oxidized and unoxidized CE appeared to take place outside the lysosomes, as chloroquine did not affect this activity (Table  2) .
DISCUSSION
We have previously identified HDL as the main carrier of the very low amounts of CEOOH detectable in the plasma of human healthy donors [24] . The results obtained in the present study show that the presence of Chl 8:2-OOH at up to 1 molecule of oxidized lipid per 4-5 HDL3 particles does not cause any gross alterations in lipoprotein binding and metabolism by Hep G2 cells. However, Chl8: 2-OOH of such very mildly oxidized HDL3 are taken up by these cells in a process that is largely insensitive to chloroquine, and to an extent exceeding that of unoxidized CE and particle uptake. Such enhanced selective uptake of Chl8 :2-OOH was observed whether oxidized lipids in HDL3 resulted from in situ oxidation of intact lipoprotein or from transfer of pre-existing CEOOH to the lipoprotein, suggesting that this process is operative independent of their source and mechanism of origin. The physiological relevance of our in vitro results will have to be determined by appropriate in vivo experiments.
Two lines of evidence are presented in support of preferential selective uptake of HDL3 Chl8 : 2-OOH over unoxidized Chl8 :2. Firstly, the increasing rate of selective uptake of 3H-labelled lipid tracer corresponded closely with the increase in the Chl8:2-OOH/Chl8:2 ratio during (peroxyl)radical-mediated oxidation of [3H]Chl8:2-labelled HDL3. The increase in the amount of cell-associated tracer was not due to increased lipoprotein particle binding and uptake. Secondly, when oxidized core lipids were transferred to HDL3 from donor liposomes, enhanced selective uptake of Chl8 : 2-OOH over Chl8:2 was observed whether single-or double-labelled lipoproteins were used.
While selective uptake of HDL CE has been reported for many different cells, tissues and animals, relatively little is known about the precise molecular basis of the mechanism involved. The uptake of oxidized HDL core lipids by Hep G2 or other cells has not been investigated previously. Green and Pittman [39] have shown that selective uptake of HDL CE by Yl-BSl adrenocortical mouse tumour cells shows some preference for shorter and more unsaturated acyl chains; cellular uptake of3H-labelled C18 CE increased with an increasing number of C-C double bonds. They argued that the rate of selective uptake may be proportional to the solubility of the CE in the cell plasma membrane, in line with studies by Smaby and Brockman [40] . We cannot rule out the possibility that CEOOHs are more soluble in membranes than are CE. However, in the light of our findings, it is tempting to speculate that the increased selective uptake of unsaturated CE observed by Green and Pittman [39] was, at least in part, due to the presence of small amounts of CEOOH in their tracer and/or labelled HDL preparation. The levels of contaminating Chl 8:2-OOH would be expected to be proportional to the degree of unsaturation of the lipid label. We noted that, although all possible precautions were taken to avoid inadvertent oxidation during our experiments, the tracer in our control HDL3 contained significantly higher amounts of Chl8:2-OOH than did freshly isolated HDL. Indeed, the data in Table 1 and Figure 2( [42] , and this relative contribution is likely to be at least as high for the more polar CEOOH. Thus it is reasonable to assume that preferential surface location of the transferred CEOOH could contribute to their relatively higher rate of selective uptake by Hep G2 cells.
In addition to their location, the polarity of the lipids is also likely to influence the rate of selective uptake. Assuming that the initial transfer of CE from the lipoprotein to the plasma membrane of Hep G2 cells is not mediated by and/or dependent on proteins [35, 43, 44] , selective uptake may require diffusion of the CE from HDL across the water phase, as suggested for Ch during its efflux from cellular plasma membranes to HDL [45] .
Hydration of the lipophilic CE could represent an important, perhaps rate-limiting, step in selective uptake. By analogy to the transfer of the lipophilic bilirubin from albumin to synthetic phospholipid membranes [46] , one could imagine that the overall transfer rate of CE from a donor particle (Pd9 i.e. HDL) to an acceptor particle (Pa9 i.e. Hep G2 cell membrane) is determined by the initial hydration reaction (reaction 1), that is followed by a much faster transfer of the hydrated CE into the cell membrane (reaction 2):
Pd-CE (in H20) -+ CE-H20n CE-H2On PaCE (1) (2) If hydration is indeed involved in selective uptake, one could expect [47] [48] . The presence of a polar (hydroxy) group in Ch enhances its transfer some 60 fold [49] .
Independent of the precise molecular mechanisms of transfer involved in the 
